Sub-cellular fractions, isolated from cauliflower mosaic virus (CaHV)-infected turnip protoplasts, are capable of synthesislng CaMV DNA in vitro on an endogenous template and of reverse transcribing oligo dT-primed cowpea mosaic virus RNA. The activity was not detected in mock-inoculated protoplasts. In vitro-labelled DNA hybridized to single-stranded M13 clones complementary to the putative origins of (-) and (+) strand CaMV DNA synthesis and to restriction endonuclease fragments encompassing more than 90% of the CaMV genome. The synthesis of (-) and (+) strand DNA appeared asymmetric. The template(s) for U± vitro CaMV DNA synthesis are in a partially nuclease-resistant form. Fractions capable of in vitro CaMV DNA synthesis contained CaMV RNA both heterogeneous and as discrete species; they also contained a range of different sizes of CaMV DNA. Several lines of evidence indicate that this range of in vitro-labelled CaMV DNA, extending from 0.6kb to 8.0kb in length, represents elongating (-) strand DNA.
INTRODUCTION
Cauliflower mosaic virus (CaMV) is the type member of the caulimovirus group of plant viruses which have double-stranded DNA genomes (see 1-3). DNA sequencing has shown that the virus has the potential to code for 6-8 polypeptides in excess of 10 kda (4-6).
The encapsidated DNA of most isolates of CaUV has three single-stranded discontinuities, one (Gl) in the transcribed^-) strand (7) and two (G2 and G3) in the complementary (+) strand delimiting the |3 and tf strand components (see Fig. 1 ).
Much circumstantial evidence has led several authors to suggest that CaMV may replicate by a process involving reverse transcription (8-11).
The mechanism of reverse transcription explains the structure of encapsidated CaMV DNA and also that of unencapsidated forms of viral DNA (12) (13) (14) .
Comparisons of amino acid sequence have located regions of homology between the putative CaMV gene V product and polymeraees from retroviruses and hepatitis B virus (15) (16) (17) . DNA polymerases with some properties of reverse transcriptases have been detected in CaMV-infected plants (16, 18) , and a DNA polymerase activity of the predicted molecular weight for CaMV gene V product has recently been detected in partially purified CaMV replication complexes (19) and encapsidated in CaMV virions (20) .
Recent research on CaMV replication has focussed on isolating subcellular fractions from CaMV-infected plants which synthesise CaUV DNA on an endogenous template (11, 18, 19, 21) . These fractions consist of nuclei and virus-induced inclusion bodies, the two main candidates for the site of CaMV DNA synthesis (18, (21) (22) (23) (24) . CaMV replication complexes have been isolated from these subcellular fractions by hypotonlc leaching or nuclear lysis followed by sucrose gradient centrifugation (11, 18, 19) . Our experience has been that the detection of CaMV DNA in fractions containing nuclei and inclusion bodies has proved difficult because: (a) the significant proportion of endogenous nuclear DNA synthesis prevented the detection of CaMV DNA synthesis by techniques other than hybrid selection and (b) the efficiency of hybrid selection of in vitro-labelled CaMV DNA is severely affected by the large amounts of unlabelled CaMV DNA released during nucleic acid extraction.
We have chosen an alternative system for studying CaMV DNA replication.
Techniques have been developed for the efficient infection of turnip protoplasts with CaMV (25-27) which give near synchronous replication of the virus. Coupled with this is the observation that preparations of polysomes from CaMV infected leaves contain relatively large amounts of CaMV DNA in nucleoproteln complexes (Hull & Covey, unpublished observation); these show in vitro DNA synthesising activity. In this paper we describe the preparation and characterization of a subcellular fraction from CaMV-infected protoplasts active in (-) and (+) strand CaMV DNA synthesis and capable of reverse transcribing a primed exogenous RNA template.
MATERIALS AND METHODS

Virus.
CaMV isolates Cabb B-JI and NZ1 (28) were propagated in turnip (Brassica rapa L. cv. "Just Right") and purified as described by Hull et al (29) . DNA was extracted fron virus particles using the method of Hull & Howell (30) . Turnip protoplasts.
B. rapa protoplasts were prepared, inoculated, and cultured essentially as described by Maule (27) . Preparation of fractions active in CaMV DNA synthesis.
30-60x10^ protoplasts 60 hr post inoculation were pooled and pelleted at lOOxg for 5 min. The pellet was washed twice in 0.4M mannitol and was resuspended at 4*C in 30ml of lysis buffer (lOOmU Tris-HCl, 25mM EGTA (pH 9.0) containing 35mM MgCl 2 , 1M NaCl, IS v/v Triton X-100 and 0.1% $-mercaptoethanol). The lysed protoplasts were filtered through two layers of miracloth and the filtrate was stored on ice for 30-45 min before centrifuging at 10,000xg for 10 min at 4*C.
The low speed pellet fraction (LSP) was resuspended in 0.5-1.0ml lOOmM Tris-HCl (pH 8.0), 24mM MgCl2, 60n*! KC1, lOmM DTT (2x concentrated assay buffer). The supernatant fraction was layered over a lOial 60% w/v sucrose cushion in 40mM Tris-HCl, lOraM EGTA (pH 9.0), containing 30mM MgCl2 and 200mM KC1, and centrifuged at 45K rpm for 5.5 hr in a Beckman T160 rotor at 4°C. The high speed pellet fraction (HSP) was resuspended in 0.5-1.0ml of 2x assay buffer. Both the LSP and HSP fractions were assayed immediately or glycerol was added to 25% v/v and the fractions stored at -20°C. LSP and HSP fractions were prepared in a similar manner from CaUV-infected plant tissue. 5-10g of systemically infected young leaves were homogenized in lysis buffer without Triton X-100 and NaCl. The homogenate was passed through two layers of miracloth (Calbiochem), and Triton X-100 (10% v/v) and 5M NaCl were added to 1% and 1U respectively. Subsequent steps in the preparation of LSP and HSP fractions were as described above. Assay of CaMV DNA synthesis on endogenous template.
Assays were performed in a final volume of lOOul, comprising 50ul of LSP or HSP fractions and 50ul of a solution of 200uM dATP, dGTP, dTTP and 5-20uCi «C 32 P dCTP (3.2KCi/mmole) (New Eng-land Nuclear). RNase A (5ug/ml), DNase 1 (5ug/ml) or Actinomycin D (lOOug/ml) were added to LSP or HSP fractions and preincubated at 37"C for 15 min. The reaction was then started by the addition of the dNTP mix. Assays were at 37*C for 2-3 hr. Reactions were terminated by the addition of proteinase K to lmg/ml, NaCl to 200n*i, SDS to 1% (w/v), and EDTA to lOmM. After further incubation for 1 hr at 37 *C the mixture was extracted with phenol and then with phenol:chloroform:isoamylalcohol (25:24:1) and the nucleic acids were precipitated from ethanol at -70*C. Hybrid selection of in vltro-labelled CaMV DNA.
Labelled CaMV DNA was used to probe 'dot blots' of virlon DNA or M13 clones using the methods described by Maule et al (31) .
For quantification, hybrid-selected labelled DNA on nitrocellulose discs was counted in a toluene-based scintillant.
Alternatively, labelled nucleic acid was used to probe gelfractionated CaMV DNA transferred to nitrocellulose sheets as described by Southern (32) . Reverse transcriptase assay. 50ul of LSP or HSP fractions which had been stored at -20*C were added to 50ul of a solution containing lOOuM dATP, dGTP, dCTP, dTTP, lug cowpea mosaic virus (CPMV) RNA primed with O.lug oligo dT 12-18-Assays were at 37*C for 2-3 hr and were terminated by the addition of proteinase K, NaCl, SDS and EDTA as described above. Detection of cDNA products.
Nucleic acid, extracted as described above was incubated at 70*C for 15 min in lOOmM NaOH containing lmM EDTA. 0.01 volumes of glacial acetic acid was added to neutralize the reaction mixture and the alkali-resistant nucleic acid precipitated with etbanol. DNA was denatured in lOmM sodium phosphate buffer (pH 7.0) containing 70% v/v delonized fonnamide and 1M deionized glyoxal at 55*C for 15 min. The nucleic acid was electrophoresed in vertical 1% agarose gels as described by Hull & Howell (30) .
Fractionated nucleic acid was transferred to a nitrocellulose membrane (32) and probed with 32 P-labelled CPMV cDNA clones (see Fig. 8a ). This assay was much more sensitive than one involving incorporation of label into cDNA products subsequently quantified by hybrid selection. The optimal concentration of KC1 was 30mM; KC1 concentrations in excess of 50mM reduced the amount of labelled CaMV DNA to the control level (results not shown).
The concentration of CaMV DNA in these assays was determined by a quantitative "dot hybridization" technique (31). A calibration curve was also constructed to determine the efficiency of hybridization of increasing concentrations of CaMV DNA. Using the calibration data it was calculated that CaUV DNA synthesis in the HSP fraction represented 40-50% of the total activity. The HSP fraction from CaMV-infected protoplasts is capable of (-) and (+) strand CaHV DNA synthesis.
In vitro-labelled CaMV DNA from assays using the HSP fraction from Infected protoplasts hybridized to all three singlestranded clones, pNM/, pNM|3 and pNU^C, (Fig. 2A) thus showing that CaUV DNA of (-) and ( + ) strand polarity is synthesised on the CaMV endogenous template. Fig. 2A also shows that much more labelled DNA hybridizes to the (-) strand probe than to the (+) strand probes.
Labelled nucleic acid from assays in which the HSP fraction had been preincubated with ENase or Actinomycin D was used to probe Southern blots of the pNMot, pNM|3 and pNM£" clones ( two ways, by protease digestion followed by phenol extraction or with phenol alone. Protease digestion followed by phenol extraction was needed to release all of the in_vitro-labelled CaMV DNA from the HSP fraction. A number of CaMV DNA forms characteristic of encapsidated DNA were present when nucleic acid was prepared with protease followed by phenol extraction (Fig. 3) . These include full length linear CaMV DNA and the open circular and 'twisted' conformers (Fig. 3, lanes B and D) described by several authors (41-43). When nucleic acids were extracted from the HSP fraction with phenol alone, a treatment which does not release encapsidated CaUV DNA (12,44,45) a range of smaller CaMV molecules were detected in addition to open circular and fulllength linear molecules (Fig. 3, lane C) . The protease and phenol treatment releases relatively so much of the larger material that the sensitivity for detection of smaller CaMV molecules is reduced (Fig. 3, lane D) ; they are detected on longer exposures.
The molecules have been partially characterized by Maule (45).
A similar spectrum of phenol-extractable CaMV molecules are present in CaMV-infected plants. It has been suggested that they are replication intermediates which can be predicted from the reverse transcription model for CaMV replication (12,14).
CatSV-specific RNA was also found in the HSP fraction of CafcV-infected turnip protoplasts (Fig. 3, lane E) . In addition to heterogeneous CaUV RNA ranging in size fron 1.0 to 7.0kb, several discrete molecules of C.7kb, 6.2kb, 4.7kb, 3.4kb and 2.6kb were detected. Analysis of in vltro-labelled CaUV DNA. In order to analyse labelled replicative intermediates fron the endogenous reaction, the DNA was fractionated by two-dimensional gel electrophoresis, and then hybrid-selected as described in Materials and Methods (Fig. 4A) . Dnlabelled CaMV DNA extracted from the HSP fraction was co-electrophoresed in each dimension, Southern blotted and probed with pCNZ to serve as size markers. A labelled molecule, of apparent denatured size authors (10,13,18,46) . The heterogeneous range of labelled CaHV DNA extended from sa-DNA up to a maximum size of 8kb (Fig.  4A) and is similar to that found in total nucleic acid from CaMV-infected protoplasts (Fig. 4B) . Two minor spots of hybridselected DNA with single-strand molecular weights of 2.6kb and 5.4kb were visible in the region of the pel corresponding to open circular CallV ENA. These sizes corresponded to those of Y and $ strands respectively and were not associated with labelled DNA of the length expected for the oL strand.
When in vitro-labelled
As predicted by the reverse transcription model (+) strand DNA synthesis is only completed after (-) strand DNA has circularized (8, 0, 11) . Two additional elongating molecules (x and y in Fig. 4A ) were also detected in the region of linear native CNA.
The polarity of these itolecules is unknown but they may represent elongating (+) strand molecules on (-) strand templates.
Fractions active In CaHV DNA synthesis are capable of reverse transcribing primed RNA templates.
Central to the proposed reverse transcription model for CaMV replication is the presence of an RNA-dependent DNA polymerase activity in CaMV-infected plants. To detect reverse transcrlptase activity oligo dT-primed CPMV RNA was added to LSP and HSP fractions isolated from CaMV-infected protoplasts and plants and from mock-inoculated protoplasts.
Reverse transcription assays were performed as described in Materials and Methods and alkali-resistant nucleic acid was then denatured, electrophoresed and Southern blotted. Hybridization of these blots (Fig. 5 ) with nick-translated CPMV probes SI and Til (47) (see Fig. 6A ), revealed that only the HSP fractions from CaMV-infected plants and protoplasts were capable of synthesising a CPMV cDNA product.
Controls in which CPMV RNA was omitted, did not produce any hybridizing nucleic acid. Hence there is a positive correlation between the ability to synthesise CaMV DNA on an endogenous template and the ability to synthesise a cDNA product from an exogenous primed RNA template.
Using strand specific probes for CPUV cDNA (see Fig. 6A ) it was shown that the products of the reverse transcription reaction resulted from both first and second strand cDNA synthesis (Fig. 6B ).
DISCDSSION
We have described a procedure for the isolation of a fraction active in the synthesis of CaMV DNA from virus-infected protoplasts. The procedure differs from those for isolating CaMV (Fig. 4) is also consistent with asymmetry of strand synthesis.
Stand-specific probing has shown that the "overarc" from 8Kb to the (-) strand "strong stop" sa DNA ( In addition to (-) strand DNA, two discrete molecules corresponding to the lengths expected for the ( + ) p and % strands were hybrid-selected from the region of the gel corresponding to the open circular DNA (Fig. 4A, spots 5.4 and 2.6kb) . The apparently low levels of labelled circular DNA may be a consequence of inefficient hybrid selection due to the large amounts of unlabelled virion DNA released during nucleic acid extraction (Fig. 3) . Labelled circular DNA was not detected in replication complexes isolated from infected plants (19) but was synthesised in nuclei isolated from infected plants (24) . Furthermore two elongating molecules (x and y in Fig. 4A) were detected in the region of linear CaMV DNA. These may represent elongating (+) strands on (-) strand templates but the polarity of these molecules has yet to be determined.
As with the replication complexes of Pfeiffer & Hohn (11) our HSP fraction contained heterodisperse CaMV UNA; it also contained several discrete RNA species. Pfeiffer et al (19) reported that (-) strand DNA synthesis was reduced by 80$ after RNase treatment whereas (+) strand synthesis was less affected (30% reduction). In our system, RNase reduced both (-) and (+) strand DNA synthesis by about 50%. This suggests that the (+) strand RNA template in the complexes is, in part, protected against nucleases and also that there is far more of this template than of the (-) strand DNA template in the complexes when they are isolated.
Actinomycin D (lOOug/ml) also inhibited the synthesis of both strands equally.
A similar observation has been made previously (19) although the overall reduction in synthesis was much greater in their case.
These results suggest that both the (+) strand RNA and the (-) strand DNA templates in our replication complexes are inaccessible to RNase and Actlnomycin D to a certain extent. Guilfoyle et al (18) noted that the incorporation of deoxyrlbonucleotides Into CaMV nucleic acid in preparations of nuclei was largely resistant to RNase and DNase. CaMV replication complexes sedimented over a range of sizes on sucrose gradients and lighter fractions were slightly sensitive to RNase (18). These results, and those presented here suggest that encapsidation and replication may proceed concurrently in vivo. Circumstantial evidence that this may be so is that DNA polymerase activity can be detected in purified virions (20) . The failure of RNase to inhibit (-) strand DNA synthesis completely may be due to only a small percentage of replicative intermediates remaining in a nuclease accessible form. were not characterised. In our system this property was only apparent after freezing the HSP fraction at -20*C in 25% w/v glycerol, a treatment which may be sufficient to dissociate the enzyme from its template or to release it from subcellular particles. Probing of the cDNA products indicated that extensive tracts (in excess of 2.5kb) are reverse transcribed into DNA from the primed CPMV RNA template.
Analysis of the nucleic acids in replication complexes
